Purpose To evaluate abilities of 2-aryl-4-benzoyl-imidazoles (ABI) to overcome multidrug resistance (MDR), define their cellular target, and assess in vivo antimelanoma efficacy. Methods MDR cell lines that overexpressed P-glycoprotein, MDR-associated proteins, and breast cancer resistance protein were used to evaluate ABI ability to overcome MDR. Cell cycle analysis, molecular modeling, and microtubule imaging were used to define ABI cellular target. SHO mice bearing A375 human melanoma xenograft were used to evaluate ABI in vivo antitumor activity. B16-F10/C57BL mouse melanoma lung metastasis model was used to test ABI efficacy to inhibit tumor lung metastasis. Results ABIs showed similar potency to MDR cells compared to matching parent cells. ABIs were identified to target tubulin on the colchicine binding site. After 31 days of treatment, ABI-288 dosed at 25 mg/kg inhibited melanoma tumor growth by 69%; dacarbazine at 60 mg/kg inhibited growth by 52%. ABI-274 dosed at 25 mg/kg showed better lung metastasis inhibition than dacarbazine at 60 mg/kg. Conclusions This new class of antimitotic compounds can overcome several clinically important drug resistant mechanisms in vitro and are effective in inhibiting melanoma lung metastasis in vivo, supporting their further development.
INTRODUCTION
Metastatic melanoma is the most dangerous type of skin cancer, accounting for 75 % of skin cancer deaths (1) .
Patients with advanced melanoma with dissemination to distant sites and visceral organs have a very poor prognosis, with a median survival time of 6 months and a 5-year survival rate of less than 5 % (1). Before 2011, the Food and Drug Administration (FDA) had approved only one small-molecule drug for metastatic melanoma, dacarbazine (DTIC), an alkylating agent, but it provides less than 5 % complete remission (2) . Neither combinations of DTIC and other chemotherapy drugs (e.g., cisplatin, vinblastine, and carmustine) nor adding interferon-α2b to DTIC has shown a survival advantage over DTIC alone (3) . Clinical trials with antibodies or vaccines to treat melanoma have also failed to demonstrate satisfactory efficacy (4) .
The year 2011 marks a fruitful year for melanoma research. The FDA approved three drugs for advanced melanoma treatment: ipilimumab (an anticytotoxic T lymphocyte antigen-4 monoclonal antibody), vemurafenib (a selective BRAF inhibitor), and pegylated interferon-α2b for adjuvant setting usage (5) . However, there are still significant limitations for melanoma treatment. Ipilimumab only prolonged the survival time for metastatic melanoma patient from an average of 6.5 months to an average of 10 months. This treatment also has been associated with strong immunological adverse effects; severe to fatal autoimmune reactions were seen in 12.9 % of patients treated with ipilimumab in a clinical trial that enrolled 676 melanoma patients (6) . Vemurafenib is not effective for melanoma patients with wide type Braf, and confirmation of BRAF V600E mutation-positive melanoma using an FDA-approved test is required before treatment with vemurafenib. This treatment also only prolonged the median survival time for advanced melanoma patients 2~3 months (5) . More importantly, despite the high initial response rate for patients with BRAF V600E mutation to vemurafenib, virtually all the patients developed primary or acquired resistance to this drug (7) . With the rapidly rising incidents of this disease and the high resistance to current therapeutic agents, developing more effective drugs for melanoma is very important.
We previously reported the discovery of substituted methoxybenzoyl-aryl-thiazoles (SMART) (8) and the chemistry of the more aqueous soluble analogs, 2-aryl-4-benzoylimidazoles (ABI) (9) . The general structures of SMARTs and ABIs are shown in Fig. 1a . Here we report detailed biological studies for ABIs by using three representative compounds (ABI-270, ABI-274, and ABI-288, see Fig. 1a ) to clearly define their cellular target, assess their ability to overcome a number of clinically important drug-resistant mechanisms, and evaluate in vivo efficacy against melanoma tumors and their lung metastasis.
MATERIALS AND METHODS

Compounds and Reagents
ABI-270, ABI-274, ABI-288, and ABT-751 (a drug in clinical development by Abbott Labs (10), structure and synthesis shown in Supplementary Material, Figure S1 ) were synthesized in our lab. Paclitaxel, vinblastine, colchicine, dimethyl sulfoxide (DMSO), SN-38, PEG300, and Tween 80 were purchased from Sigma-Aldrich (St. Louis, MO). Captex 200 was obtained from ABITEC Corporation (Paris, IL). CellTiter 96 AQueous One Solution Reagent was purchased from Promega Corporation (Madison, WI). DTIC was obtained from APP Pharmaceuticals, LLC (Schaumburg, IL).
Cell Culture
Human A375 cells, mouse B16 melanoma cells, and human microvascular endothelial cells (HMEC) were purchased from American Type Culture Collection (ATCC, Manassas, VA). HMEC cells can proliferate and migrate to form tube-like structures, mimicking in vivo angiogenesis process (11) . Human metastatic WM-164 cells isolated from a patient with metastatic melanoma were a gift from Dr. Meenhard Herlyn (Wistar Institute, Philadelphia, PA). The P-gp overexpressing multidrug-resistant cell line MDA-MB-435/LCC6MDR1 and the matching sensitive parent cell line were kindly provided by Dr. Robert Clarke (Georgetown University, Washington, DC). Human ovarian cell line OVCAR-8 and its adriamycinresistant cell line that overexpresses P-gp, NCI/ADR-RES, were obtained from the National Cancer Institute (Frederick, MD). PcDNA3.1 vector was purchased from Invitrogen (Carlsbad, CA MO) , and bovine insulin (5 μg/ml) (Sigma-Aldrich, St. Louis, MO). HMECs were cultured in EBM-2 medium (Lonza, Walkersville, MD) containing 10 % FBS, 0.1 ng/ml epidermal growth factor, and 1 μg/ml hydrocortisone. OVCAR-8 and NCI/ADR-RES cells were maintained in RPMI-1640 medium (Thermo Scientific, Rockford, IL) with 2 mM L-glutamine and 10 % FBS. All cell lines were authenticated by Research Animal Diagnostic Laboratory (Columbia, MO).
Growth Inhibition Assay
The cytotoxic or antiproliferative activity of test compounds was investigated in several cell lines by using the sulforhodamine B (SRB) assay. Cultured cells were plated in 96-well plates and incubated with titration of the test compounds. The cells were stained with SRB after 96 h treatment, and the optical density of stained cells was measured at 540 nm on a microplate reader (BioTek Instruments, Winooski, VT) (13).
P-gp ATPase Assay
P-gp ATPase assay was conducted using the Pgp-Glo™ Assay System (Promega, Madison, WI) according to the manufacturer's protocol. Na 3 VO 4 (100 μM), a selective inhibitor of P-gp without P-gp ATPase activity, and verapamil (200 μM), a known P-gp substrate with the ATPase activity stimulation, were used as control substrates as provided by Pgp-Glo™ Assay System. 0.5 % DMSO was used as vehicle control. Compound ABI-270, -274, and -288 were tested at 10, 100, and 1000 nM. Briefly, after adding tested compounds, ATP (5 mM per reaction) was added and incubated with P-gp membrane (25 μg per reaction) at 37°C for 45 min. Then the P-gp ATPase reactions were stopped by removing from 37°C. The remaining unmetabolized ATP was detected as a luciferase-generated luminescent signal detected using a Synergy 4 Hybrid Multi-Mode Reader (BioTek Instruments, Winooski, VT). All tests were done in triplicates.
Cell Cycle Analysis
Flow cytometry analysis was performed as described elsewhere (14) to study cell cycle phase distribution. A375 cells were cultured in 10-cm tissue culture dishes until confluence was 80 % and were treated with 0, 10, 50, 200, and 1000 nM of colchicine, ABI-274, and ABI-288 for 24 h in growth media. Cellular DNA was stained with PBS containing 50 μg/ml propidium iodide and 100 μg/ml RNase A. The cell cycle was determined using a BD LSR-II cytometer (BD Biosciences, San Jose, CA) with 10,000 cells scored. Data were analyzed and graphs were prepared using the Modfit 2.0 program (Verity Software House, Topsham, ME).
Molecular Modeling
We selected the crystal structure of N-deacetyl-N-(2-mercaptoacetyl)-colchicine (DAMA-colchicine) in tubulin complex (PDB code: 1SA0), which has been most widely used for modeling approaches (15) . We used Schrodinger Molecular Modeling Suite (Schrodinger LLC, New York, NY) for the docking practice. ABIs were built and prepared using the Ligprep module, and they were docked into the colchicine binding site using the Glide module in the Schrodinger Suite. The best docking complexes were subject to restricted molecular dynamics to release any strains by using Macromodel module with OPLS-2005 force field. The ligand and its surrounding residues within 15 Ǻ were allowed to move freely, while residues outside the 15-Ǻ radius were kept rigid.
Microtubule Imaging Using Immunofluorescence Microscopy
Cellomics Cytoskeleton rearrangement kit (Thermo Scientific, Rockford, IL) was used to study the interactions of ABIs with tubulin in cells. WM-164 melanoma cells were treated with each compound for 18 h in duplicate using a collagencoated 96-well plate (Becton Dickinson Labware, Bedford, MA). Cells were fixed with 4 % paraformaldehyde (Thermo Scientific, Rockford, IL) and permeabilized using permeabilization buffer supplied with the kit. Primary antibody for tubulin and fluorescence-labeled secondary antibody were subsequently added to the cells. Cell nuclei were stained by DAPI. Whole cell stain green was also applied to all cells. Images were acquired with an Olympus IX71 inverted fluorescence microscope (Olympus Corp., Tokyo, Japan) with overlays from separate images of tubulin (red), nuclei (blue), and whole cells (green). For comparison, we also included paclitaxel, colchicine, and ABT-751, along with ABI compounds.
Colony Formation Assay in Soft Agar
B16-F1 melanoma cells were plated at a colony-forming density (2000 cells per well in 6-well plates) on top of 0.8 % base agar. Cells were grown in 0.4 % agar together with DMEM medium supplemented with FBS at 37°C (16) . Cells were treated with ABI-274 and ABI-288 at different concentrations (20, 100, and 500 nM). Compounds were added to the media from 1-mM DMSO stock solutions, and a corresponding dilution of DMSO was used as control. Cells were incubated for 14 days. Plates were photographed, and the number of colonies was measured by Artek 880 Automated Colony Counter (Artek Systems Corporation, Farmingdale, NY).
In Vitro Capillary Network Formation on Matrigel
200 μl of 5.25 mg/ml Matrigel (BD Biosciences, Pont de Claix, France) were added to 48-well plates and allowed to solidify for 1 h at 37°C. Each well was seeded with 7×10 4 HMEC and cultured in EBM-2 medium containing various concentrations of ABI-288 (30, 100, 300 nM, 1, 3, 10, and 30 μM) or 0.1 % DMSO (v/v) for 4 h. Photographs from five randomly chosen fields of each condition were taken using an IX71 microscope (Olympus, Tokyo, Japan) (17, 18) .
In Vivo Antitumor Study on Xenograft Model
We first estimated the acute maximum tolerable dose (MTD) for each of the three ABI analogs formulated in PEG300. Progressively increasing injection doses via i.p. route to C57BL/6 mice (two mice in a group) determined the estimated MTD to be 150 mg/kg with one-time injection. To ensure a safety margin during the repeated treatment, we scaled down the dose to 25 mg/kg in the animal experiments. Double homozygous severe combined immunodeficiency (SCID) hairless outbreed (SHO) mice, 6-8 weeks old, were provided by Charles River Laboratories International, Inc. (Wilmington, MA). Logarithmic growth phase A375 (5×107 per ml) cells were prepared in phenyl red-free, FBS-free DMEM media and mixed at 1:1 ratio with Matrigel. Tumors were established by injecting 100 μl of this mixture subcutaneously in the right dorsal flank of each mouse (2.5×10 6 cells). When the tumor reached a mean size of 100~150 mm 3 , mice were randomized into three groups and treatments were started. ABIs were formulated with Tween80/Captex200 (80/20). ABI compound at 25 mg/kg was used with i.p. injection of 30 μl of compound solution once daily for 31 days. The control group was given only a vehicle solution injection at the same frequency. DTIC was reconstituted with sterile water, and 100 μl of this solution was administrated via i.p. injection once daily for 31 days. Tumor volume was measured three times a week with a digital caliper and calculated by using the formula a×b 2 ×0.5, where a and b represented the larger and smaller diameters, respectively (19) . Data were expressed as mean±SD for each group and plotted as a function of time. Tumor growth inhibition (TGI) at the conclusion of the experiments was calculated from the formula 100-100*[(T-T0)/(C-C0)] where T represented mean tumor volume of a treated group on a specific day, T0 represented mean tumor volume of the same group on the first day of treatment, C represented mean tumor volume of a control on a specific day, and C0 represented mean tumor volume of the same group on the first day of treatment (14, 20) . Animal activity and body weight were monitored during the entire experiment period to assess potential acute toxicity.
In Vivo Melanoma Cells Lung Metastasis Study C57BL/6 mice from Charles River Laboratories International, Inc., age 7-8 weeks old, were used to study the inhibition effect of ABIs in lung metastasis of melanoma cells. The logarithmic growth phase B16-F10 melanoma cells (75,000 cells in 100 μL PBS buffer per mouse) were injected via the lateral tail vein. The treatment started from the 7 th day after the inoculation. Our test runs and literature reports indicated that 3 weeks after injection is the optimal window to examine tumor nodules in the lung in this experimental metastasis model. The 1-week delay of treatment ensured lung metastasis before compound treatment. Compared with the procedures reported in the literature in which compound treatment started 15~30 min after melanoma cell injection, we believed that delaying treatment by 1 week allowed tumors to have sufficient time to metastasize to the lungs, a situation that is likely to be more clinically relevant. ABIs (25 mg/kg) were formulated with PEG300 while DTIC (60 mg/kg) was reconstituted with sterile water (21) . All the treatment solutions were kept in the same volume (100 μl) and administered through i.p. injection for 2 weeks, 5 days a week. Vehicle control group was treated with i.p. injection of 100 μL PEG300. Mice were sacrificed after 15 days of treatment, and the lungs were separated and expanded with 10 % formalin buffer. The number of lung metastasis nodules was noted. Animal activity and body weight were monitored during the entire experiment period to assess acute toxicity.
Data Analysis
Data were analyzed using Prism Software (GraphPad Software, Inc., San Diego, CA). The statistical significance (P< 0.05) was evaluated by repeated measures two-way ANOVA for xenograft study and one-way ANOVA for melanoma lung metastasis study. Dunnett's multiple comparison test was done after ANOVA analysis.
RESULTS
ABIs Inhibit Melanoma Cell Proliferation with High Potency and Can Effectively Overcome Multidrug Resistance in Cancer Cells
As we reported earlier, ABIs have excellent antiproliferative activity (IC 50 values less than 100 nM) against a variety of cancer cell lines (9) . We compared the activity of ABIs with paclitaxel, vinblastine, colchicine, and ABT-751 in Table I . ABIs showed excellent potency on all three melanoma cell lines with IC 50 values less than 80 nM. They have comparable potency with paclitaxel or colchicine and are significantly more potent than ABT-751. More importantly, ABIs showed similar, or in some case higher, potency against more metastatic melanoma cells A375MA2 (Table I ). These cells were derived by culturing A375 cells isolated from in the lung metastasis of A375 melanoma tumor in nude mice for two times and showed dramatic increased lung metastatic ability after this series of culturing selection (22) . Taken together, these results suggested that ABIs strongly inhibit growth of metastatic melanoma cells. Table I also summarizes results when compounds were tested on multidrug resistant (MDR) cell lines and the matching parent cell lines. Some representative dose response curves are shown in Figure S2 . P-gp overexpressed cells like MDA-MB-435/LCCMDR1 and NCI/ADR-RES were 28-to 511-fold more resistant to colchicine, paclitaxel, and vinblastine. High MDR-associated protein (MRP) expression cells were 3 to 6 times more resistant to paclitaxel and vinblastine. SN-38 was used to verify the drug resistance effect of BCRPtransfected cell line HEK293-482R2. The resistance index (calculated by dividing IC 50 values of the resistant cell subline by that of the matching parental cell line) of SN-38 on cells transfected with the BCRP gene was 41. In contrast, all tested ABIs showed very similar potency to MDR cells compared with the matching parent cells, strongly suggesting that they are not affected by the over-expression of MDR transporters in cells and thus are promising candidates for treating MDR melanoma.
ABIs Do Not Affect P-gp (MDR1) ATPase Activity
To further test whether ABIs interact with P-gp, we tested their effects on P-gp ATPase activity using commercially available commercial kit. Results of this assay were shown in Fig. 2a and b. In Fig. 2a , the decrease in luminescence of vehicle treated samples compared to Na 3 VO 4 treated samples represents basal P-gp ATPase activity. The decrease in luminescence of verapamil treated samples compared to Na 3 VO 4 treated samples represents verapamil-stimulated P-gp ATPase activity. This verified the assay system worked well. The change of luminescence was replotted in Fig. 2b to illustrate 30±4 (1) 11±2 (2) 38±2 (1) 277±4 (69) 11±1 (28) 658±50 (66) 577±31 ( 570±84 (285) 737±51 (61) 864±42 (1) 10±1 ( 25±1 (5) 5±0.1 (2) 653±72 (1) 123±28 ( N/A, not applicable since they bind to tubulin at different sites. ND, not determined. For completeness, we also included few in vitro data that were reported in our previous paper [9] compounds treated wells at all tested concentration. These results indicated that ABI compounds do not affect P-gp ATPase activity, suggesting that they were neither stimulator, nor inhibitor for P-gp ATPase.
ABIs Inhibit Tubulin Polymerization by Binding to the Colchicine Site in Tubulin
Our previous preliminary studies suggested that ABIs may target tubulin polymerization by binding to the colchicine binding site (9) . We have expanded those studies significantly and performed additional experiments to confirm this mechanism of action summarized below. We first determined the effects of ABIs on cell cycle progression. We tested ABI-270, -274, -288, and colchicine (positive control) on A375 melanoma cells at four concentrations (10, 50, 200, and 1000 nM) ( Fig. 1b and c ; additional results can be found in Supplementary Material, Figure S3 ). Finally, using molecular modeling techniques, we tried to understand the potential binding pose of ABIs to the colchicine binding site on tubulin using the crystal structure of tubulin in complex with DAMA-colchicine (PDB code: 1SA0) (23) . ABI-270, -274, and -288 showed excellent binding to the colchicine site. As an example, the binding mode of ABI-288 (stick model) is shown in Fig. 3a . For comparison, we also displayed the native ligand DAMA-colchicine as a wire model in the α/β-tubulin heterodimer. The overall structure of ABI-288 and DAMA-colchicine overlapped very well. The p-fluoro phenyl moiety overlaps with the trimethoxyphenyl moiety, which is interacting with the T7 loop in the β-subunit. Similarly, the p-chloro phenyl moiety occupies the other side of the pocket where the seven-member ring of the DAMAcolchicine is, with the chlorine atom occupying the pocket where the methoxy moiety interacts.
ABIs Prevent Microtubule Formation
To further confirm that ABIs interact with tubulin in melanoma cells, we examined microtubule arrangement in WM-164 cells upon treatment with different compounds (Fig. 3b) . These images clearly showed that all five tested compounds resulted in cytoskeleton rearrangement. There was a significant difference between paclitaxel and the other four compounds (colchicine, ABT-751, ABI-274, and ABI- Fig. 2 Effects of ABI compounds on P-gp ATPase activity. (a) Positive, negative and vehicle control for P-gp ATPase activity. The decrease in luminescence of vehicle treated samples compared to Na 3 VO 4 treated samples represents basal P-gp ATPase activity. The decrease in luminescence of verapamil treated samples compared to Na 3 VO 4 treated samples represents verapamil-stimulated P-gp ATPase activity. (b) Change in luminescence compared to Na 3 VO 4 treated samples. ABI compounds showed similar effect as vehicle control on P-gp ATPase activity, indicate they are not substrate for P-gp. * P<0.05; column, mean of three replication; bar, SD. 288). Treatment with paclitaxel resulted in a stabilization of microtubules around the nuclei compared with controls, consistent with its mechanisms of action for inhibiting tubulin polymerization by stabilizing microtubules. On the contrary, treatment with colchicine, ABT-751, ABI-274, and ABI-288 had similar effects on microtubules and resulted in microtubule fragmentation, consistent with their common mechanism of action for inhibiting tubulin polymerization by destabilizing microtubules. The higher concentration used for ABT-751 is due to its lower in vitro potency compared with other compounds.
ABIs Inhibit Melanoma Colony Formation in Soft Agar
Colony formation assay has been generally used to predict the therapeutic efficacy of a drug to solid tumors (24) . We tested the ability of ABI-270, -274, and -288 to inhibit melanoma colony formation in soft agar at three concentrations (20, 100, and 500 nM). Four representative photos are shown in Fig. 4a ; additional photos can be found in Supplementary Material, Figure S6 . Quantified results are shown in Fig. 4b . After 14 days of incubation, 130 detectable colonies (diameter larger than 100 μm) were formed in controls. ABI-274 effectively inhibited melanoma colony formation at the lowest tested concentration, 20 nM (P<0.05), compared with control). ABI-288 showed effective inhibition at 100 nM. All tested compounds showed complete inhibition of colony formation at 0.5 μM. Dunnett's multiple comparison tests after ANOVA gave an overall P value of less than 0.0001, suggesting the means of the seven compared groups are statistically different. For Dunnett's test, at significance level of 0.05, only the group means of ABI-270 and -288 at 20 nM were not statistically different from control.
ABIs Inhibit In Vitro Capillary Network Formation on Matrigel
Many tubulin target agents including paclitaxel and colchicine have strong antiangiogenesis effects (25, 26) . We hypothesized that ABIs also possess such an effect because they also target tubulin polymerization. To test this hypothesis, we evaluated the effect of ABI-288 on the formation of capillary-like network by HMEC cells plated on Matrigel. Matrigel provides endothelial cells a supporting environment for differentiation into an extensive and enclosed capillary-like network. The tube structure was destructed and displayed an incomplete tube network when incubated with ABI-288 at 30 nM compared with control (Fig. 4c) . ABI-288 at a concentration of 100 nM and above caused complete inhibition of capillary network formation. Because this inhibition effect occurred within 4 h and at a very low concentration (30 nM), this effect was not the result of the antiproliferative activity of the compound. This experiment indicated that ABIs have strong antiangiogenesis effect.
ABIs Inhibited Melanoma Tumor Growth In Vivo
ABIs' in vivo antitumor efficacy was first tested on a human melanoma xenograft model in SHO mice. Compound ABI-288 was chosen because it was expected to be more metabolically stable due to the absence of the trimethoxyphenyl group (27) . A dose of 25 mg/kg was chosen based on our previous MTD studies. DTIC was used as a positive control. A dose of 60 mg/kg was chosen based on literature (21) .
After 31 days of treatment (Fig. 5a ), ABI-288 inhibited melanoma tumor growth (TGI value) by 69 %, whereas DTIC inhibited growth by 52 %. The repeated measures two-way ANOVA analysis P value of ABI-288 treatment versus control was 0.006, suggesting that ABI-288 significantly inhibited melanoma tumor growth at 25 mg/kg. Results confirmed that ABI-288 may have comparable activity with DTIC. Body weights of all groups increased slightly throughout the experiment, and all mice showed normal physical activity (Fig. 5b) , suggesting that ABI-288 at 25 mg/kg is a well-tolerated, effective dose for SHO mice.
ABIs Inhibited Melanoma Cell Lung Metastasis
Melanoma is highly metastatic, and lung is one of the major target organs for metastasis (28) . We used an experimental lung metastasis model established via tail vein injection of melanoma cells to test the efficacy of ABIs in preventing tumor lung metastasis. After 2 weeks of experimental treatment, the average number of detected lung metastasis nodules in control, ABI-270, -274, -288, and DTIC groups were 43, 24, 10, 24, and 26, respectively ( Fig. 6a and 6b ). There were significant differences among all treated groups (P< 0.0001 for one-way ANOVA). Dunnett's multiple comparison test using control to compare treatment groups indicated that all treatments were significantly effective in inhibiting lung metastasis (P<0.01 for all four comparisons). Dunnett's multiple comparison test using DTIC treatment group to compare all other treatment groups also indicated that ABI-274 treatment was significantly better than DTIC treatment (P<0.01). We observed body weight decrease across all groups including control after treatment started (Fig. 6c) . But there was no statistical difference between control and other treatment groups (P values of Dunnett's multiple comparison test of control versus treatment groups were all larger than 0.05). In the meantime, physical activity of all mice was not obviously affected.
Discussion
Despite the tremendous advances in the understanding of melanoma biology and the recent FDA approvals of new drugs, significant obstacles still exist for finding satisfactory treatments for advanced melanoma. Extending the chemistry research reported earlier for ABIs (9), we performed a series of biological experiments to confirm the mechanisms of action and activities against melanoma for these potent antimitotic agents. We compared the in vitro anticancer activity of ABIs with several other antimitotic agents including paclitaxel, vinblastine, colchicine, and ABT-751 (Table I) . Paclitaxel and vinblastine are drugs used clinically to target tubulin (29, 30) . ABT-751 is a clinical candidate developed by Abbott Laboratories and targets the colchicine binding site in tubulin (31) . Our experiments showed that ABIs have similar activity with these drugs against melanoma cells in vitro.
We next investigated ABIs' effect on MDR cell lines, because drug resistance is a major cause of cancer chemotherapy failure in metastatic melanoma patients. One of the major contributors to MDR is overexpression of ATPbinding cassette (ABC) transporters such as P-gp, MRPs, and BCRP (32) . Numerous studies have strongly suggested that these transporters are involved in cancer cell migration and invasion of metastatic melanoma (33) (34) (35) . Tubulin-targeting agents including SMARTs are effective apoptosis inducers (36) , but one of the major drawbacks for many existing antitubulin agents (e.g., paclitaxel and vinblastine) is that they are subject to ABC transporter-mediated drug efflux (37) . Data presented in Table I indicate that ABIs are effective in overcoming a variety of clinically relevant drug resistance mechanisms at least in vitro and strongly support their further preclinical development. P-gp, also known as MDR1 and ABCB1, is a 170 kDa integral plasma membrane protein that functions as an ATPdependent drug efflux pump and plays an important role in multi-drug resistance and certain adverse drug-drug interactions. Compounds that interact with P-gp can be identified as stimulators or inhibitors of its ATPase activity. Compounds that are substrates for transport by P-gp typically stimulate its ATPase activity (38) . Thus compounds that do not affect ATPase activity normally are likely not substrate for P-gp.
The Pgp-Glo™ Assay detects the effects of a compound on recombinant human P-gp in a cell membrane fraction. The assay relies on the ATP dependence of the light-generating reaction of firefly luciferase. P-gp dependent decreases in luminescence reflect ATP consumption by P-gp; thus the greater the decrease in signal, the higher the P-gp activity. Accordingly, samples containing compounds that stimulate the P-gp ATPase will have significantly lower signals than untreated samples. In our assay, all three ABI compounds were tested at 10, 100, and 1000 nM. None of them significantly lowers luminescence signals compared with vehicle control, indicating that they do not interact with P-gp ATPase and are unlikely to be substrate of P-gp.
Our preliminary studies suggested that ABIs interact with the colchicine binding site in tubulin (9) . To clearly define their mode of action, we performed cell cycle analysis, [ 3 H]colchicine competition-binding scintillation proximity assay (SPA), and immunofluorescence assay with melanoma cells. Cell cycle analysis clearly indicated a G2/M phase arrest in melanoma cells, which is typical for antimitotic agents. To pinpoint the possible binding site in tubulin, we tested ABIs' direct effect on tubulin polymerization and measured binding affinity (39) . The SPA technology we used in this study requires a close association between the solid-phase scintillant (beads) and the radioligand for a signal to be emitted and subsequently detected. Biotin tubulin was the reagent that brought the [ H]colchicine, e.g., cold (unlabeled) colchicine, to the mixture, the signal amplitude decreased proportionately with the increasing concentration of the competitor. This method is very specific for tubulin colchicine site binding competitors. Our results presented in this report combined with our previously reported tubulin polymerization assay (9) clearly confirmed that ABIs bind to the colchicine site in tubulin to inhibit tubulin polymerization. Immunofluorescence assay with melanoma cells further supported this mode of action.
Angiogenesis is a critical step during cancer progression and metastasis. Several antiangiogenesis agents are in clinical trials for cancers: e.g., cediranib (also called AZD2171, a once-daily oral tyrosine kinase inhibitor that targets vascular endothelial growth factor receptors) for patients with unresectable malignant pleural mesothelioma (40) . Some have already shown very promising results. The discovery of ABIs' antiangiogenesis property through this preliminary experiment is exciting, because it opens another venue of cancer progression inhibition. It also suggested to us that ABIs may exert their antimelanoma effect through two mechanisms. Further experiments to confirm this hypothesis and to test whether ABIs inhibit cell movement and invasion ability are ongoing.
The usefulness of any anticancer agents rests in their ability to work in vivo. In addition, the major problem for melanoma is its metastasis to sites from the skin, since superficial (early stage) melanoma can be cured by surgical removal. Therefore, it is very important to assess the ability of ABIs to treat melanoma metastasis. The in vivo experiments reported here strongly suggest that ABIs are effective in inhibiting not only local melanoma tumor growth but also melanoma lung metastasis. While the experimental lung metastasis model used in this report is not perfect because it bypasses the cell migration process from the primary site to the blood stream, it is a well-established animal model and can provide useful information in assessing the efficacy of new compounds to treat melanoma metastasis. We are currently performing experiments to see whether our MDR cell lines will retain their phenotypes in vivo. Once we have confirmed that MDR melanoma cells still possess drug-resistant properties in vivo, we will assess the activity of ABIs in tumors grown from MDR cell lines in the future.
CONCLUSION
In this study, we reported in vitro activities of ABIs, identified their cellular target, and examined their in vivo activity. ABIs are highly potent against melanoma with IC 50 values in the low nanomolar range, comparable to those of paclitaxel or colchicine. Through a series of data-driven experiments, we further confirmed that the cellular target for ABIs is the colchicine binding site in tubulin. Unlike many of the existing tubulin-targeting drugs, ABIs can effectively overcome P-gp, MRPs, and BCRP-mediated multidrug resistance, which represent some of the major drug resistance mechanisms in melanoma. ABIs inhibited capillary network formation of HMEC cells on Matrigel, indicating that they have strong antiangiogenesis effects. Finally, ABIs showed good in vivo antimelanoma efficacy in one xenograft model and one experimental lung metastasis model. Taking together, these results strongly support the further development of ABIs as potential candidates for improved melanoma treatment.
